Background and aims: Intestinal adaptation after small bowel resection in humans is debated. We have quantified in adult short bowel (remnant small bowel length ,2 m) patients oral intake and net digestive absorption and their evolution over time. Patients and methods: Oral intake and faecal output were studied over three days in 90 patients (39 and 51 without or with parenteral nutrition, respectively) and in 14 patients in early (,6 months) and late (.6 months) periods after digestive continuity. Nitrogen and fat output were measured using chemiluminescence and Van de Kamer techniques, respectively. Results: In the whole group, 81% of patients had hyperphagia (spontaneous oral intake .1.56resting energy expenditure), independently and negatively related to fat absorption (p,0.01) and body mass index (p,0.001) but not braked by the presence of parenteral nutrition. Protein and fat absorption were related to small bowel length. We observed, in the late in comparison with the early period after digestive continuity: an increase in oral intake (1.6 v 2.3 resting energy expenditure), decrease in stool weight/oral intake ratio, no reduction in per cent fat absorption, and protein absorption improvement associated with a significant increase in the amount of protein absorbed (40 v 64 g/day; p,0.05), both being correlated with remnant small bowel length (p,0.01). Conclusions: This study confirms an adaptive hyperphagia in adult short bowel patients. Over time, hyperphagia and amount of protein absorbed increased, the latter being related to remnant small bowel length, indicating a behavioural adaptation that allows expression of intestinal absorptive adaptation.
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T he main clinical consequence of extensive small bowel resection is water, mineral, and macronutrient malabsorption (that is, short bowel (SB) syndrome) leading to water-mineral and protein-energy deficiencies. Parenteral nutrition (PN) is then the compensatory treatment of the malabsorption linked to this post surgical intestinal failure. 1 Following the postoperative period, an adaptative phenomenon may occur to decrease the negative consequences of SB syndrome. Functional intestinal adaptation per se (that is, clinical improvement of absorptive capacity over time) is, at least in adults, a disputed phenomenon, 2 3 despite convincing data for certain substrates, [4] [5] [6] depending on the time of study and the SB circuit type. Many report have focused on the major role of oral intake to allow significant intestinal adaptation in animal models [7] [8] [9] or in humans [10] [11] [12] after intestinal resection. In addition, it has been shown in animal models that enteral nutrition or experimental hyperphagia is essential for the neuroendocrine cascades that induce functional and morphological adaptive hyperplastic and hypertrophic changes within the gut. 13 Hyperphagia with high spontaneous oral hyperalimentation has been demonstrated previously in human adults with post surgical malabsorption [14] [15] [16] and in patients with a remnant colon in continuity; an increase in colonic fermentation associated with bacterial adaptation that partially salvages malabsorbed carbohydrates. [17] [18] [19] Hyperphagia can be defined by oral intake .1.5 times resting energy expenditure (REE), according to Harris-Benedict equations: in SB patients, this corresponds to metabolisable energy (that is, absorbed and non-excreted in urine for energy-balance equilibrium without PN). 14 In the literature, it is generally accepted that time for full adaptation after intestinal resection may take up to two years in adult patients with colon in continuity. 11 12 20 21 Indeed, a surrogate marker of adaptation can be deduced from the time necessary for weaning off PN after re-establishment of digestive continuity: although two years was necessary for 95% of patients to be finally weaned off PN, 75% of patients were weaned off during the first three months but this process took between six and 46 months for 19% of patients. 1 These data suggest that, in a noticeable proportion of cases, late adaptation may take place in humans.
In order to evaluate and quantify intestinal adaptation at the net absorptive level, we assessed oral intake and net digestive absorption of protein and fat in an ambulatory cohort of non-stressed adult SB patients, followed in an approved Home PN centre for adults. Our aims were: (a) to determine explicative variables of oral intake, stool weight, and net absorption in a cross sectional study and (b) to quantify the role of re-establishment of digestive continuity in net digestive absorption and to study expression of the absorptive adaptation in relation to oral intake before and after six months post resection in two subgroups of patients.
PATIENTS AND METHODS

Patients
Criteria for inclusion in the study were: (a) extensive small bowel resection, with a remnant small bowel length ,200 cm, with or without colonic resection; (b) absence or presence of residual small bowel lesions and, if present, with non-active (a 1 -antitrypsin faecal clearance ,15 ml/day) or no occlusive stenoses; (c) absence of severe malnutrition (that is, of grade C according to the subjective global assessment of nutritional status classification of Detsky and colleagues 22 ; and (d) consumption of a diet ad libitum superior or equal to the estimated REE according to the Harris-Benedict equations using actual body weight, 23 in order to have interpretable absorptive data. Criteria for exclusion were: (a) reconstructive surgery of the remnant bowel, such as surgically reversed small bowel loop 24 ; (b) existence of upper gastrointestinal tract surgery (oesophagus, stomach, duodenum, and/or pancreas); (c) organ failure other than digestive; (d) evolutive neoplasia; (e) exocrine pancreatic insufficiency; (f) small bowel fistulae; and (g) growth hormone treatment. 25 26 The dietary programme was based on free solid food ingestion 15 with an ambulatory lifestyle, except for tap water restriction and, especially for end enterostomy patients, the use of either oral rehydration solution or mineral Vichy-St-Yorre water (Société Commerciale des Eaux Minérales du Bassin de Vichy, StYorre, France) containing 70 mmol of Na/litre. None of the patients received enteral nutrition or were given oral supplements, oral medium chain triglycerides, or oral/ intravenous glutamine. All patients received transit slowing agents and gastric antisecretory drugs but none had received pancreatic enzyme or octreotide treatment.
Among a cohort of 104 consecutive SB patients evaluated for this cross sectional study between 1993 and 1998, 90 fulfilled the inclusion criteria and were studied for oral intake and faecal excreta, four (4%) being excluded for insufficient oral intake. The metabolic investigation was performed after a median of 25 (2-240) months following the most recent bowel surgery, including re-establishment of bowel continuity in 78 patients. Patient weight and size were measured during the investigation. The length of the post duodenal remnant small bowel, taken along the antimesenteric side of the small intestine with an opisometer, 27 was the mean of measurements performed independently by two of the authors (PC, BM) on x ray films of a barium meal follow through. The length of colon in continuity, expressed in terms of per cent of the usual length according to the method of Cummings and colleagues, 28 was estimated from peroperative data records. Patients had not received (n = 39) or received (n = 51) home PN for 27 (2-187) months. Clinical characteristics of the patients are summarised in table 1.
Among the 90 patients included, 12 were studied twice before and after a 1 (0.5-6) month delay following reestablishment of digestive continuity: in five and seven patients it was a jejuno-colic (type 2) and a jejuno-ileocolic (ileum length 45 (1-130) cm) (type 3) anastomosis, respectively. Percentage of colon in continuity was 74% (14-100).
Fourteen other patients were studied twice after reestablishment of digestive continuity in early (,6 months: 2 (1-4.5)) and late (.6 months: 19 (9-59)) periods. No surgical change of digestive structures was performed during the interval. Ten and four patients had a jejuno-colic (type 2) and a jejuno-ileocolic (type 3) anastomosis, respectively, and five patients had residual small bowel lesions on x ray film. In this subgroup, remnant jejunum and ileum lengths were 60 (5-150) and 0 (0-26) cm, respectively, and percentage of colon in continuity was 74% (26-100). All of these 14 patients were receiving PN during the early period and seven (50%) were weaned off PN at the moment of investigation in the late period.
Oral intake evaluation Over a six day period, comprising a three day equilibrium period followed by a three day metabolic period, patients were requested to adhere to their usual spontaneous intake of energy, carbohydrates, fat, protein, and fibre. On a questionnaire, patients noted the nature and amount of foods at each meal, including snacks and nibbling, during the second three days, under the control of trained dieticians (MCM and SP). Evaluation of intake was done by estimation of amount or by weight. Oral intake was unrestricted and comprised normal foods provided in a continental style meal. The major protein containing foods included beef, fish, eggs, chicken, cheese, and milk. Major fat sources included oil and butter. In this manner, each day's intake of total energy, protein, carbohydrates (total, complex, and simple), fat, fibre, and alcohol was calculated using Bilnut software. carbohydrates, fat, and protein, respectively. Values for intake were the mean of the three days of the metabolic period. For patients having undergone several absorption studies, the spontaneous amount of oral intake could be different.
Stool analysis
Digestive transit time was estimated using the transit time of a marker (red carmine) given orally with the first meal of the study period. The following 2-3 days, depending on the appearance of red carmine in stools, served as an equilibrium period, after which the metabolic period was begun. During the three day metabolic period, stools were collected daily. Faecal output analyses were performed on aliquots of three day pooled samples: briefly, little quantities of the three day stool collection were sampled after stool treatment by a special material (called Waren-Bolster) that mixes stool in order to obtain a homogenised biochemical composition. Nitrogen and fat were measured by chemiluminescence 31 and Van de Kamer 32 techniques, respectively. Bomb calorimetry measurement of total caloric content of stool 33 was performed for some patients. Calorie conversion factors used were those of Atwater and colleagues. 30 
Absorption calculations
Net absorption of protein and fat was calculated by subtracting the amount excreted in faeces (Out) from the amount ingested (In). The coefficient of net digestive absorption, expressed as a per cent of protein and fat, represented the proportion of ingested calories not recovered in faecal output:
Net digestive absorption (%) = (In2Out)/In For patients having stool bomb calorimetry analysis, the number of carbohydrate calories was calculated from the difference between total calories and fat plus protein calories. The coefficient of net carbohydrate digestive absorption was calculated as above. Net total caloric absorption was calculated by subtracting calories excreted in faeces from calories ingested.
Statistics
Results are expressed as mean (SD) and/or median (range). Tests used for statistical significance were the Student's t test, simple and multiple linear regressions for the whole group of patients, and the Wilcoxon test for the two subgroups of patients. For statistical analysis in those subgroups, we compared per cent and net intestinal absorption before and 
The predictive equations for the three variables are: stool weight (g/day) = 2989 + 9.63 6 simple carbohydrate intake (g/day) 2 12.51 6 jejunum length (cm) 2 14.31 6 ileum length (cm) 2 18.756colon (% in continuity); net fat digestive absorption (%) = 52.2 + 0.139 6 jejunum length (cm) + 0.248 6 ileum length (cm) + 11.35 6 ileocaecal valve (yes or no) 2 0.142 6 fat intake (g/day); net protein digestive absorption (%) = 46.5 + 0.153 6 jejunum length (cm) + 0.286 6 ileum length (cm).
after re-establishment of digestive continuity (n = 12) and, to assess spontaneous absorptive adaptation over time, early (,6 months) and late (.6 months) investigations after digestive continuity (n = 14). A p value of ,0.05 was used as the level of significance.
RESULTS
Explicative variables of oral intake, stool weight, and net absorption in the whole group (n = 90) Metabolic results for the 90 patients are shown table 2. Oral intake represented 2.0 (0.6) (range 1.1-3.6) times the estimated REE. Eighty one per cent of patients had hyperphagia (that is, oral intake of more than 1.56REE, including 41% with 1.5-26REE, 33% with 2-36REE, and 7% with oral intake greater than 36REE). Oral energy intake, expressed as kg of actual weight or per cent of estimated energy expenditure, was not significantly different in males and females, irrespective of weaning off PN (table 2) , presence or absence of colon or radiographic abnormal patterns of remnant small bowel on x ray film, age more or less than 60 y, or remnant small bowel length. A positive correlation between oral intake and delay separating resection and investigation was near the limit of significance (p = 0.07). In univariate and multivariate analysis, oral intake was negatively related to body mass index (p,0.001) and to net fat digestive absorption (p,0.01) but unrelated to net protein digestive absorption.
In univariate analysis, stool weight was negatively related to the presence of a rectum (p = 0.001), percentage of colon in continuity (p,0.0001), and remnant jejunum (p = 0.02) and ileum (p,0.05) lengths, and positively correlated with total energy intake (p = 0.04) and simple carbohydrate intake (p,0.001). Stool weight was not significantly related to the presence or absence of an ileocaecal valve (p = 0.09), residual small bowel lesions on x ray film, delay between time of bowel resection and time of investigation, or fat and protein intakes. In multivariate analysis, stool weight was still related to four variables (table 3) .
In univariate analysis, net fat digestive absorption was positively related to the presence of an ileocaecal valve (p = 0.03) and remnant jejunum (p = 0.003) and ileum (p = 0.01) lengths, and negatively related to oral fat intake (p = 0.02). Between patients with jejuno-ileocolic anastomosis and other patients, the relation between net fat digestive absorption and remnant small bowel length was significantly different both for the slope (0.10 v 0.162, respectively) and intercept (50 v 38, respectively) (fig 1) . Net fat digestive absorption was not related to percentage of colon in continuity, delay between resection and investigation, presence or absence of a rectum, or residual small bowel lesions on x ray film. In multivariate analysis, net fat digestive absorption remained related to three variables (table 3) . Regardless of the digestive circuit type of anastomosis, the amount of fat absorbed was dependent on fat intake (p,0.001) without an upper threshold (fig 2) .
In univariate analysis, net protein digestive absorption was positively related to remnant jejunum (p = 0.006) and ileum (p = 0.02) lengths and was not related to delay between resection and investigation, oral protein intake, percentage of colon in continuity, or presence or absence of ileocaecal valve, rectum, or residual small bowel lesions on x ray film. The slope and intercept of the relation between net protein digestive absorption and remnant small bowel length was not significantly different between the three digestive circuit types of anastomosis (fig 3) . In multivariate analysis, net protein digestive absorption remained related to remnant small bowel length (table 3) . Regardless of the digestive circuit type of anastomosis, the amount of protein absorbed was dependent on protein intake (p,0.001) without an upper threshold (fig 4) .
Effect of digestive continuity re-establishment (n = 12)
In the few months (that is, 1 (0.5-6) months) after reestablishment of digestive continuity, there was no significant change in energy, protein, carbohydrate, or fat intake. There was a decrease in stool weight (4000 (2700) g v 1215 (1300) g; p,0.001) and an increase in net protein absorption (32 (28) 
Spontaneous absorptive adaptation over time (n = 14)
In comparison with the early period, in the late period we observed a significant increase in oral energy intake (40 (12) v 54 (19) kcal/kg/day or 1.6 (0. 39 (5) g/l; p,0.01). Patients weaned off PN at the late period had a higher amount of protein absorbed than non-weaned patients (1.6 (0.3) v 0.9 (0.2) g/kg/day, respectively; p,0.01).
The difference in net protein absorption and amount of protein absorbed between the two periods was correlated to remnant small bowel length (r = 0.68 and 0.73, respectively; p,0.01) (fig 8) but not to the difference in oral energy or protein intake.
DISCUSSION
Our population appears to be representative of SB patients with the three most frequent digestive circuit types of anastomosis. 1 2 20 Small bowel length was accurately measured on x ray film by opisometer, 27 an element lacking in most studies. 2 17 19 Metabolic studies were done over three day periods, 17 rather than one 19 or two 2 14 16 34 days, as this is the best compromise for useful digestive balance studies (in order to avoid significant intrasubject variations in faecal output) compared with seven or 10 day references. 35 We estimated oral intake by dietary questionnaires because, despite a trend to overestimate fat intake and underestimate protein intake, we have previously shown that this type of recording was correlated with bomb calorimetry intake measurements. 15 Only patients with sufficient oral intake (that is, greater than or equal to REE) were selected in order to avoid underestimation of net digestive absorption. 15 Overall, in SB adult patients, we confirmed hyperphagia associated with free spontaneous oral alimentation for the majority. In a subgroup of patients, we showed that reestablishment of digestive continuity improved fat and protein absorption in less than six months by 30% and 37%, respectively. In addition, after the early (six months) period following re-establishment of digestive continuity, we found a 15% improvement in protein, but not in fat, absorption, a fact that suggests a more than trivial spontaneous absorptive adaptation for protein.
Factors involved in stool weight and protein and fat absorption were in accordance with previous data that focused on the colon as a major determinant of stool weight, and on the small bowel for absorption of macronutrients, with the exception of carbohydrates, 17 19 34 a fact not examined in the present study. In our study, residual small bowel lesions on x ray film were not a significant explicative factor for net absorption, probably because residual small bowel lesions were localised, non-active, and non-stenotic. 19 For fat absorption, we did not find a threshold above which the amount absorbed was independent of the amount ingested, even in patients with a remnant ileum (that is, with a jejuno-ileocolic anastomosis) and partially preserved enterohepatic circulation of bile salts. 36 This absence of threshold was previously observed in a patient with endjejunostomy where there was a close correlation between fat intake and faecal fat, 37 and in 14 SB patients with or without a colon. 17 This fact indicates a non-limited fat intake in SB patients. 38 Clearly, re-establishment of digestive continuity has an important and early effect in decreasing stool weight but also in improving protein and fat absorption, confirming its major role in post resection adaptation. 18 20 28 Many mechanisms could be involved in the improvement in absorption of this surgery related absorptive adaptation. Firstly, re-establishment of digestive continuity increases transit time by creating continence regions facilitating better absorption as a result of a longer contact time; moreover, continuity re-establishment recreates feedback mechanisms such as ileal 39 and/or colic 40 brakes, due in particular to PYY which delays gastric emptying and intestinal transit. 41 Secondly, digestive bacterial flora is increased by 2-3-fold in patients with SB and a colon in continuity. 18 In these patients, hyperfermentation of malabsorbed carbohydrates produces a high quantity of short chain fatty acids that are efficiently removed and absorbed from faecal water 18 and increase sodium absorption. In addition, short chain fatty acids are trophic not only on colic mucosa but also on small bowel mucosa 42 ; this could have speculatively improved intestinal absorption.
Our findings confirm hyperphagia in SB adult patients (that is, high spontaneous free oral intake [14] [15] [16] with a mean of twice the REE). Hypercaloric and hyperproteinic (23% of intake) hyperphagia was previously found in 10 SB patients. 15 Here we showed that it is not a transient phenomenon as it persisted and increased further even after the six month postoperative period. The increase over time in oral intake supports a spontaneous late adaptation. Therefore, it is important to encourage hyperphagia and promote oral intake in patients receiving long term PN. In the present study, we again observed that hyperphagia did not seem to be braked in patients receiving PN. 15 In another study, hyperphagia appeared to be a consequence of malabsorption: in patients without malabsorption after intestinal surgery, there was a 27% reduction in oral intake in comparison with post resection malabsorptive patients. 14 Hence hyperphagia appears to be a behavioural adaptive phenomenon: indeed, in our study, oral intake was negatively related to net fat digestive absorption and to body mass index. This suggests a Difference in NDA for protein (%) H = 0.68, p<0.01 Figure 8 Relation between difference (late2early) in net protein digestive absorption (NDA) separating early (,6 months) and late (.6 months-that is, 19 (9-59) months) periods following reestablishment of digestive continuity and remnant small bowel length (n = 14).
compensatory mechanism to malabsorption, with patients increasing their oral food intake to improve nutritional status with the objective of recuperating their previous weight.
Between early and late periods following re-establishment of colon continuity, we found delayed spontaneous absorptive adaptation for protein but not for fat and, despite an increase in oral intake, a trend towards a decrease in stool weight 2 with a significant 40% decrease in the ratio stool weight/oral intake. The improvement in net protein absorption observed could be a result of intestinal adaptation per se. The method of net protein absorption was based on measurements of total nitrogen in faecal output, exogenous of oral intake but also endogenous. Bacterial faecal mass accounts for 60% of faecal nitrogen, 43 the a 33% increase in dietary carbohydrates certainly increases bacterial mass and hence bacterial nitrogen: overestimation of exogenous nitrogen losses could therefore be postulated in such patients. The quantitative role of the colon for protein metabolism and absorption in SB patients is probable through urea metabolism and/or upregulation of specific transporters 44 but this aspect is less known than for carbohydrates. 19 In this study, the net amount of protein absorbed increased and this fact could explain, at least in part, the increase in serum albumin. 45 Correlation of net protein absorption difference between early and late periods with remnant small bowel length suggests that only patients with a sufficient remnant small bowel enterocyte mass can improve their protein absorption capacity. Thus in severe SB syndrome, absorption capacity is difficult to improve but in patients with a higher intestinal mass, assessed by a longer small bowel length, absorptive adaptation can occur, probably facilitated by hyperphagia.
In contrast, in our study, there was no significant improvement in fat absorption over time. In fact, residual absorption of fat is one of the explicative factors of hyperphagia magnitude. In addition, it has been shown previously in rats that dietary fat, especially long chain triglycerides and free fatty acids, promote functional and anatomical adaptation after resection more efficiently than protein and polysaccharides. 46 We cannot exclude the fact that fat absorptive adaptation could be very late, as was demonstrated for cholesterol absorption where adaptation took eight years. 6 Finally, our study, in addition to a previous study of PN dependence, 1 suggests that, at variance with previous assertions, 2 digestive adaptation may occur subsequent to the early six month period following resection in a substantial number of adult patients. In this study, 50% of SB patients studied over time were weaned off PN, a value similar to previous reports 1 : increasing hyperphagia presumably allows the development and expression of maximal residual absorptive capacity. 47 In summary, in addition to colic recovery, improvement in residual absorption in SB patients is due to adaptive hyperphagia. Hyperphagia seems to be stimulated by the severity of fat malabsorption and nutritional status. In patients with a sufficient intestinal mass and colonic continuity, hyperphagia increases over time, leading to an increase in protein absorption capacity and amount of protein absorbed. From a practical dietary point of view, an oral nutritional strategy in SB syndrome must aim to promote non-restricted hyperalimentation, with the exception of simple carbohydrates as they can increase diarrhoea, in order to stimulate intestinal absorptive adaptation.
